Abstract. We studied the diet of 10 species of grasshopper belonging to the family Pamphagidae over a period of 3 years at 6 localities in North Eastern Algeria. The species of plants consumed by the grasshoppers was determined by comparing slide mounted specimens of the pieces of plant epidermis in their faeces with those in a reference collection of identified plants collected from the same localities. The percentages of occurrence of the different species of plants in the faeces of the grasshoppers were not related to the abundance of the plants at the sites studied. All the grasshoppers were polyphagous but differed in the percentage of Poaceae in their diets. The diet of Tmethis and Ocneridia contained a higher percentage of Poaceae than the other species and are considered to be ambivores. The three species in the Pamphagus gr. djelfensis complex differ in their diets but all tend to avoid consuming Poaceae and are categorized as forbivores. We also compared the frequency of occurrence of Fabaceae in the faeces and in the field and O. volxemii is the only species that avoided consuming this plant family. The number of sensilla on the labrum was also studied in both sexes of each species. Once one corrects for differences in the size of the labrum, the forbivores have higher numbers of sensilla in groups A1, A2 and A3 (but not A10) than the ambivores. The numbers of sensilla in the A10 group on the labrum of species of Pamphagidae is greater than on that of species of Acrididae, which are mainly graminivores and adapted to semi-arid conditions.
INTRODUCTION
The diet of grasshoppers depends on the habitat they occupy and the species. In this context mandible shape of grasshoppers has been studied since the 1940s (Isely, 1944) and more recently in Mediterranean species (Rizzo & Massa, 1995) . Their digestive capacity depends on the intracellular production of enzymes and the microbiome in their alimentary canal (Idowua et al., 2009) . The sensilla on the antenna and mouth parts detect the secondary metabolites in the leaves of plants (Chapman & Joern, 1990) . In this work, we focus on the sensilla on the labrum of species belonging to the family Pamphagidae.
These sensilla are dome shaped, have a gustatory function and are distributed in well delimited areas on the epipharyngeal surface of the labrum, i.e. the structure covering an insect's mouth. Thomas (1966) defined four discrete groups of sensilla based on their position on the labrum: group A1 (proximal end), A2 (central part), A3 (distal part) and A10 (lateral part, at a level intermediate between the A1 and A2 groups). Several studies show there is a relationship between the number of sensilla on the labrum and the diet of grasshoppers. For example, monophagous grasshoppers, which feed on one or only a few species of plants, have fewer sensilla than oligophagous (feed on species of one plant family) or polyphagous (feed on species of several plant families) grasshoppers (Chapman & Thomas, 1978) . In contrast, El Ghadraoui et al. (2002) report that species of Dociostaurus (Acrididae, Gomphocerinae) have many more sensilla and a wider host range than other genera in the same subfamily which are mostly oligophagous. The present study investigates the number of sensilla and diet of a poorly known grasshopper family, the Pamphagidae, in Eastern Algeria.
Pamphagidae Burmeister, 1840, is a family of large roughly tegumented and mostly apterous geophilous grasshoppers, some genera of which in Algeria are long winged, such as Tmethis (Ihsan & Donskoff, 1988) . Occasionally, outbreaks are recorded for several species in this family as in other families (Benzara et al., 1993) . Ocneridia volxemii is a serious pest of cereal crops grown on the Algerian high plateaus (Bounechada & Doumandji, 2003) . A more recent study by Ladrón de Guevara et al. (2009) reports outbreaks of two species of Acinipe in Castilla-La Mancha, Spain. Based on the recent phylogenies of Zhang et al. (2005) and information in Orthoptera Species File on line (Eades et al., 2011) this family includes 8 subfamilies.
In a previous study we recorded 16 species and described a new species belonging to the Pamphagus djelfensis complex (Benkenana et al., 2012) in Eastern Algeria, based on the revisions of Chopard (1943) , Uvarov (1943) , Descamps & Mounassif, 1972) , Biondi & Massa (1995) , Massa & Cusimano (1979) , Massa & Biondi (1987) , Massa & Lo Verde (1990) , Massa et al. (1993) and Massa (1992 Massa ( , 1996 . In particular, we studied the distribution, climatic constraints and some aspects of the biology of each species. There is little information on the plants eaten by species of this family and to the best, of our knowledge there is only one study that of Bounechada and Doumandji (2003) , which focused on Ocneridia volxemii. In Spain, Gangwere & Morales-Agacino (1973) studied 2 species (Acinipe sp. and Eucnerodes brunnerii), which they classified as forbivorous and dendrophagous, respectively.
In order to interpret the differences recorded in the diets, we determined the number of sensilla on the labrum, a topic well studied in Acrididae but not in Pamphagidae.
MATERIAL AND METHODS

Study sites
This study was carried out at 6 places in the Tellian Atlas in the North-Eastern part of Algeria: Collo, Constantine, Ain-Mlila, Oum-Elbouaghi, Batna and Khenchela (Table 1) . The climates at these sites range from semi-arid to humid, and the altitudes range between 43 m a.s.l. at Collo, which is close to the Mediterranean coast, to 1142 m at Khenchela, with most places above 600 m. We also studied a population of Prionotropis hystrix rhodanica, which inhabits pseudo-steppic vegetation in the réserve naturelle nationale de Coussoul at SaintMartin-de-Crau (Southern France, 43°33´473˝N, 4°52´493˝E). Thanks to the kindness of A. Foucart (CIRAD, Montpellier), we were able to study the faeces of 10 individuals collected in 2002. The herbaceous flora there is very rich and the dominant plant species are as follows (Dutoit et al., 2011) : Brachypodium retusum (20-70%), Trifolium subterraneum (5-20%) and Thymus vulgaris (3-7%).
The flora was sampled between late March and April 2010. Samples of different species of plant were collected, dried and kept in a reference herbarium at the Laboratory of Biosystematics and Ecology of Arthropods (Mentouri University of Constantine). Each herbarium sheet indicates the date, where collected and identification based on the keys in Quézel & Santa (1962 -1963 . The nomenclature was updated using TelaBotanica, a website available at the URL address http://www.tela-botanica.org. The percentages of each species at each place were determined using the transect method. The numbers of each species of plant were recorded along a 100 m rope stretched between two stakes. Depending on the place the numbers along five to ten transects were recorded and the distance between transects was at least 3 m. The values recorded were used to calculate the total richness, Shannon index and mean percentages of Poaceae and Fabaceae in the flora.
Reference collection of slides of the epidermis of the different plants
For the study of the diet of Acridomorpha in the field it was necessary to be able to identify pieces of plant epidermis in their faeces, which was done by referring to a collection of slide mounts of the epidermis of the different plants present at each locality. From each herbarium specimen of the species of plant collected at each locality, we took a sample of epidermis following the technique used by Kara in 1996 and published in Ould Elhadj (2001) . Briefly, a dry fragment of leaf was softened by placing it in water for one day. The epidermis was carefully removed from the underlying tissues using a sharp knife. To clear the pieces of epidermis they were placing in a 12% solution of bleach for a few minutes and then rinsed in distilled water. These specimens were then dehydrated by placing them first in 70% followed by 80% and finally 96% alcohol. The epidermal fragments were mounted in Canada balsam on a slide and covered with a cover slip and the slide was then labelled with the name of the plant, date and locality.
Collection of faeces
The grasshoppers collected were kept individually in plastic jars labelled with the name of the species, date and where collected. According to Launois-Luong (1975) , one to two hours is sufficient for a grasshopper to empty its gut. Benhalima et al. (1984) note that the quickest emptying occurs at the beginning of the afternoon around 2 p.m. when it takes about 8 h for food to pass through the gut. In the case of Dociostaurus maroccanus, Bouanane (1993) that 24 h is insufficient for all the contents of the digestive tube to be excreted as faeces. In the present work, faeces were collected over a period of 24 h post capture and stored in paper envelopes labelled with date, where the grasshopper was collected and the species, but not the sex.
The method used to examine the contents of the faeces was a modified version of that used by Launois-Luong (1975) . First the faeces were softened by placing them in water for 24 h after which the soft pieces of epidermis were cleared by placing them in bleach for a few minutes. The next steps are identical to those used for examining the epidermis of plants. A slide preparation of each piece of epidermis was made and labelled with date, where the grasshopper was collected and species. Each piece of plant was identified by comparing it with specimens from known plants in the reference collection. We particularly focused on the shape and size of the cells and hairs, and presence of crystals. According to Butet (1985) , the frequency of plant species i in faeces is calculated using the formula: F(i) = ni/N, where ni = number of faeces in which plant i is present, N = total number of faeces examined.
These values were used to calculate the total number of species and Shannon index, and the mean percentages of Poaceae and Fabaceae. At three of the sites sampled, two or more grasshopper species coexisted and for these we compared richness and diversity of plant remains in their faeces using the boostrap test in PAST 2.14 (Hammer et al., 2001) . The composition of plants consumed was compared within and between species collected at the same locality using an ANOSIM (Analysis of Simi- Fig. 1 . Sensilla on the labrum of Pacinipe saharae (female). D -diagram of the distribution of the different groups of sensilla on the labrum; A -A1-A2 sensilla; B -A3 sensilla; C -A10 sensilla. Light grey areas: location of the sensory hairs that monitor the chemicals in the juice that exudes from crushed leaves. Pictures were taken using a DNI6000B microscope (Leica microsystems). Scale bar = 350 µm. larity), a non parametric test based on a measure of similarity (Clarke, 1993) , as in assemblage comparisons (Moussi et al., 2011) . Here, the Bray-Curtis index was selected, and p-values were deduced from 10000 permutations.
To compare the diet of different species, it was necessary to take into account the composition of the flora at the sites sampled, as most species were collected in different areas. For each locality, we calculated the differences between the richness, diversity, percentages of Poaceae and Fabaceae between the sites sampled and the corresponding values for the faeces. A positive difference for Poaceae for example means that this family is preferentially consumed and a negative difference that it is avoided. These differences were analyzed using Principal Component Analysis in order to project the grasshopper species on to a plane structured by the direction of the variables, using PAST 2.14 (Hammer et al., 2001 ). The grouping of species was deduced using cluster analysis and Pearson's coefficient as a measure of distance. Each group corresponds to a particular type diet. The robustness of the clusters was estimated by a bootstrap technique with 1000 replicates.
To determine if an insect's consumption of a particular species of plant was based only on its abundance or whether it prefers or avoids eating this plant, we performed Spearman correlation tests using the values recorded at the sites and for the contents of the faeces, using PAST 2.14.
Number of sensilla
The number of sensilla on the labrum was determined using the technique of El Ghadraoui et al. (2002) . Labrum of each grasshopper was removed under a stereomicroscope and immersed in a 50% KOH solution for 1-6 h in order to clear the soft tissues, then rinsed in distilled water for 15 min. The labrum was mounted in glycerol gelatine under a cover glass and observed under a Leica DNI6000B microscope.
It was easy to recognize the A1, A2, A3 and A10 groups of sensilla in the different species (Fig. 1) . In the case of the A10 group, the sensilla may be absent in some species and either replaced by vestigial structures such as spines or a flat surface. Labrum width was measured and the numbers of sensilla in the different groups of sensilla (A1, A2, and A3 and A10) counted. The count of the number of sensilla is the sum of the numbers in each of the groups on both sides of the labrum.
For the comparison of numbers of sensilla among species, we removed the effect of labrum size by regression, as described in El Ghadraoui et al. (2002) . Briefly, the regression of numbers of A1 sensilla (for example) on labrum width was used to calculate the residuals between observed and predicted numbers of A1 sensilla for a particular width of labrum. Regression analyses were performed using Microsoft Excel TM . To determine the relationship between the number of sensilla and diet, ANOVAs were conducted using SYSTAT 7.0 (SPSS Inc.1997) with the residuals of the number of sensilla as variables and diet as groups.
RESULTS
The number of species of plants recorded at the six sites sampled (Table 1) varied between 27 and 45, and the number of families between 10 (Babar) and 21 (Belezma). Poaceae, Asteraceae and Fabaceae were the dominant plant families at the six sites.
Diet of grasshoppers
At the Belezma site, we compared the diets of three species of grasshopper belonging to the P. djelfensis complex. These species consume less Poaceae but more Fabaceae than one would expect based on the abundance of these families of plants at this site ( 2. Summary of the species richness and diversity of plants at the sites sampled and differences in these values recorded for the faeces. The numbers of specimens studied are in brackets. % Poaceae at a site corresponds to their relative abundance and the percentage of this family in the faeces. The different letters correspond to significant differences based on the bootstrap test. ** -p < 1%; *** -p < 0.1%. The values in the last four columns are the differences between these values for the faeces of a species of grasshopper and those for the site sampled.
at a site and in the faeces of the grasshoppers were significant (Table 3 ). The comparison of the different species of grasshopper using ANOSIM revealed no difference in the species composition of the plants consumed (p > 0.125), although that consumed by P. auresianus in terms of species richness and diversity was greatest (p < 0.1%) when the results for P. batnensis were included.
At Oum-Elbouaghi, only P. elephas was recorded. The percentage of Fabaceae in its diet was greater than that recorded in the field, whereas for Poaceae it was about the same at this site. There was no correlation between the species composition of the plants in faeces and that in the field (p = 9.4 %).
At Collo, only P. cristatus was recorded and its faeces contain less Poaceae than expected, but about the same percentage of Fabaceae as present in the flora at this site. The lack of a preference of this species for certain food plants is indicated by a non-significant correlation between plant abundance in the field and in faeces (p = 0.86). Unexpectedly, one female was found consuming a leaf of a Ficus tree.
At Babar, Paracinipe saharae consumes much more Poaceae and Fabaceae than expected based on the percentage of these plants in the flora at this site. However, as for the above species, there was no correlation between the species composition of the plants recorded in the field and in faeces (p = 0.61).
At Tidisse, Ocneridia volxemii and Acinipe calabra were recorded. O. volxemii consumed a greater number and diversity of plants than A. calabra (p < 0.1%). Moreover, the ANOSIM revealed that the species composition of the plants consumed by these two species differed (P = 0.076). This is mainly because Poaceae were preferred by O. volxemii and Fabaceae by A. calabra. In addition, there was no correlation between plant abundance in the field and in faeces for either species (p > 0.8).
At Ain-Mlila, two species of grasshopper were recorded: Tmethis pulchripennis and T. cisti. The species composition of plants in the faeces of T. cisti was more diverse (p < 1%) than that recorded for T. pulchripennis, although the richness and composition (p = 0.43 by ANOSIM test) were not significantly different. Both species consumed Poaceae, but there is no information on whether it would consume Fabaceae as this family of plants does not occur at this site. The species of plants consumed by both grasshoppers was dependent on the abundance of the plants (p > 0.6, Spearman rho).
Brachypodium retusum (Poaceae) in the faeces of individuals of the French Coussoul population of P. hystrix rhodanica made up about 38% with the remainder mainly composed of five different dicotyledonous plants (between 5 and 16%). It is concluded that its diet is diverse, but it is unknown whether it prefers certain plants as the abundance of the different plants was not recorded at this site.
The following comparison of the diet of each of the species collected in Algeria took into account the differences between the species composition of the plants in the field and in faeces in terms of richness and diversity of the total flora and percentage of Poaceae and Fabaceae. A PCA of the differences are presented in the projection in Fig. 2 , which accounts for more than 80% of the total variance. It displays three groups of variables for differences: Richness, Shannon index and percentage of Fabaceae and Poaceae. The projections for Tmethis and P. saharae indicate they eat more Poaceae and greater number of species of plants. In contrast, all the species of Pamphagus and A. calabra consume less Poaceae than expected based on their availability in the field. O. volxemii is exceptional as it seems to avoid eating plants of the family Fabaceae. We tested the homogeneity of these three groups of grasshoppers using cluster analysis of the Pearson correlations between different variables. The hierarchical classification presented in Fig. 3 previous observations that P. saharae is close to both of the species of Tmethis, as well as the common branch to Acinipe and all species of Pamphagus. O. volxemii is close to the group containing Tmethis and Paracinipe, based on its significant preference for consuming Poaceae. However, there was a greater diversity of plants in the faeces of O. volxemii than Tmethis and P. saharae.
In summary, we identified three different types of diet: -Type 1: This diet includes generally less Poaceae and more Fabaceae than one would expect from their occurrence in the field (Pamphagus spp. and A. calabra). P. hystrix rhodanica could be related to this group.
-Type 2: This diet includes less Poaceae and fewer species (Tmethis spp. and P. saharae).
-Type 3: This diet includes more Poaceae and less Fabaceae (O. volxemii).
Number of sensilla
The greatest numbers of A1 sensilla were recorded in the genus Pamphagus, with often more than 400, at least in females ( A10 sensilla are more homogenous ranging from 60 (female T. cisti) to 124 (female P. elephas).
There is a relationship between labrum width and number of sensilla, at least for A1, A2, and A3 groups of sensilla. The regression equations and plots are presented in Fig. 4 . These equations were used to remove the effect of size by calculating the residuals (difference between observed and expected numbers of sensilla for a given labrum width). Most residuals for A1, A2 and A3 sensilla are positive in Pamphagus and negative in Tmethis and Ocneridia (Table 5 ). The residuals for P. saharae are either positive or negative dependent on the group of sensilla and sex. Thus, we determined whether the residuals for the different groups of sensilla were significantly correlated (Table 6) .
Relationships between the different types of diet and the number of sensilla
ANOVA was carried out to determine whether the number of sensilla was associated with the type of diet the grasshoppers consumed. In order to remove the effect of the size of the labrum, we treated the sensilla residuals as dependent variables and type of diet as factors.
In the case of the A1 residuals (Fig. 5A) , there is a significant difference between the diets (Fr2,14 = 12.31, p = 0.001) and Tukey post hoc test indicates that the highest values were recorded for the type 1 diet. In contrast, the values for the type 2 and 3 diets are not significantly different. The same result was recorded for A2 (Fr2, 14 = 7.48, p = 0.006) and A3 residuals (Fr2, 14 = 5.79, p = 0.015) (Fig.  5B and C, respectively) and the A10 residuals did not differ significantly between diets (Fr2,14 = 1.955, p = 0.18).
DISCUSSION AND CONCLUSION
The diet of the Pamphagidae is poorly documented and this is the first study of the diet of several species belonging to several subfamilies of this family of grasshoppers. In addition, although the number of sensilla on the labrum of many groups of grasshoppers is well studied (Chapman & Thomas, 1978) there are no studies of this sort on the family Pamphagidae.
All the species of Pamphagidae studied consume plants belonging to many plant families. However, the correlations between abundance of plants in the field and in the faeces of the grasshoppers studied were not significant, indicating that all these grasshoppers prefer to consume certain species of plant, as is the case in other Acridomorpha that are polyphagous, such as Schistocerca gregaria (Guendouz-Benrima et al., 2010) and Melanoplus sanguinipes (Uvarov, 1977) . According to the last author, there are several types of grasshoppers, (i) forbivores (= herbivores), which feed predominantly on dicotyledonous plants, (ii) graminivores, which feed mainly on plants belonging to the family Poaceae, and (iii) ambivores, which feed on plants belonging both groups. In fact, there are very few species that are monophagous, i.e. they feed on a small number of plants species. For example in the paleotemperate region, there is Tropidopola cylindrica that only feeds on Phragmites australis in Algeria (Benkenana, 2006) and Glyptobothrus binotatus binotatus that feeds on Ulex spp in France (Picaud et al., , 2003 . Below we assign the types of diet we identified to those defined by Uvarov (1977) . The type 1 diet (Pamphagus spp and Acinipe calabra) mainly consists of dicotyledonous plants and corresponds to that of a forbivore. The type 2 diet (Tmethis spp., Prionotropis hystrix rhodanica and Paracinipe saharae) consists mainly of Poaceae and dicotyledonous plants and corresponds to that of an ambivore. The type 3 diet (Ocneridia volxemii) is similar to type 1 but contains less Fabaceae and is intermediate between that of an ambivore and graminivore. The preference of O. volxemii for Poaceae accounts for why this species is a serious pest of cereal crops (Bounechada & Doumandji, 2003) . The classification presented here based on faecal analyses should be tested by simple experiments on the feeding preferences of the grasshoppers, similar to those of Richards & Waloff (1954) and Mulkern (1967) . In addition, their requirements for particular nutrients (protein and carbohydrate content) also need to be studied as has been done for other grasshoppers by Simpson & Raubenheimer (2001) and Raubenheimer & Simpson (2003) .
When several species of Pamphagidae coexist at the same locality, do they compete? In the case of the species in the Pamphagus gr. djelfensis complex we did not find any difference in the diets of the species. However, we have to consider competition in the context of their life cycle: in Eastern Algeria, larvae and adults occur in spring when the vegetation is lush and diverse and before the summer drought. At this time food is not a limiting factor for these species. The separation between the species is in their genetic and/or reproductive behaviour and not in their diets. This is the case for the two species of Tmethis. In addition, O. volxemii and Acinipe calabra do not compete because they prefer to consume different species of plants.
The diets of the grasshoppers in the genera studied are listed in Table 7 . If the phylogenetic data are reliable it is likely that ambivory could be the ancestral diet of the family and then evolved towards forbivory in Pamphagus and Acinipe, and graminivory in Ocneridia. It is clear that investigations of other genera are needed to test this idea.
To compare the number of sensilla in the Acrididae we used the data for the males of most of the species studied by El Ghadraoui et al. (2002) . This resulted in a dataset of 10 Acrididae with a clear range of different diets within each systematic group: 3 species belong to the Oedipodinae (Acrotylus insubricus, Oedipoda caerulescens and Stethophyma grossum), and 7 to Gomphocerinae (Dociostaurus maroccanus, D. genei, Chrysochraon dispar, 362 Fig. 5 . Variations in the residuals of the numbers of sensilla recorded for grasshoppers of the 3 diet groups defined by cluster analysis presented in figure 3. ANOVA were done using SYSTAT 7.0. A -A1 sensilla; B -A2 sensilla; C -A3 sensilla. Fig. 6 . Relationships between the numbers of sensilla and labrum size for Pamphagidae (squares) and Acrididae (crosses). A -A1 sensilla; B -A10 sensilla.
Euchorthippus declivus, Chorthippus dorsatus, Chorthippus biguttulus and C. binotatus binotatus). When the numbers of sensilla are plotted against labrum width (Fig.  6A for A1 sensilla) it appears that Pamphagidae have more sensilla and a larger labrum than the above Acrididae. Although the relationships between the numbers of sensilla in groups A1, A2 and A3 on labrums of different sizes in both families are similar, that for the number of sensilla in group A10 in the two families seems to differ as most dots for the species of Pamphagidae are above the regression line (Fig. 6B) . The covariance analysis in which the number of sensilla was treated as a dependent variable, labrum width a covariate and family a group revealed that the numbers of sensilla in groups A1, A2 and A3 do not differ in these two families when the effect of the variation in the size of the labrum is corrected for (Table 8 , p > 0.6). However, there is a significant difference in the number of sensilla in group A10 in these two families (p = 0.007). We interpret the low number of sensilla in group A10 in most Gomphocerinae and some Oedipodinae as a result of their mainly being graminivores and that grasses contain low amounts of secondary metabolites (Chapman & Joern, 1990) .
The chemical compounds present in plant leaves are identified by specific sensilla of insects. Several sensilla on the antenna identify olfactory cues (Chen et al., 2003; Dumas et al., 2010) . However, the sensilla on the labrum are involved in sensing the taste of the juice that exudes from crushed leaves. Forbivore species (Pamphagus spp.) have more sensilla in groups A1, A2 and A3 than ambivore species, which might indicate that those species that are graminivores have fewer sensilla because there is a lower content of secondary metabolites in grasses than dicotyledonous plants (Dumas et al., 2010) . The lower number of sensilla in group A10 is only revealed when polyphagous species (Pamphagidae) are compared with graminivores (Acrididae). These conclusions are supported by experiments on Schistocerca gregaria: Haskell & Mordue (1969) showed that A3 sensilla are sensitive to deterrent molecules, such as azadirachtin, and A1 and A2 to those stimulating feeding, such as sucrose.
As the life cycle of Pamphagidae in Algeria is mostly restricted to a short period in spring, we hypothesize that a polyphagous diet enables them to maximize their consumption of food. This is supported by the biology of Dociostaurus maroccanus (Acrididae: Gomphocerinae), which progressively feeds on a wider range of plant species, including dicotyledonous plants, as the vegetation gradually dries out (Benhalima et al., 1984) .
